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ABSTRACT

Background Treatments for coronavirus disease of 2019 (COVID-19), which is
caused by severe acute respiratory syndrome coronavirus-2 (SARS-CoV-2), are
urgently needed but remain limited. SARS-CoV-2 infects cells through interactions of its
spike (S) protein with ACE2 and TMPRSS2 on host cells. Multiple cells and organs are
targeted, particularly airway epithelial cells. OM-85, a standardized lysate of human
airway bacteria with strong immunomodulating properties and an impeccable safety
profile, is widely used to prevent recurrent respiratory infections. We found that airway
OM-85 administration inhibits Ace2 and Tmprss2 transcription in the mouse lung,

suggesting that OM-85 might hinder SARS-CoV-2/host cell interactions.

Objectives To investigate whether and how OM-85 treatment protects non-human

primate and human epithelial cells against SARS-CoV-2.

Methods ACE2 and TMPRSS2 mRNA and protein expression, cell binding of SARS-
CoV-2 S1 protein, cell entry of SARS-CoV-2 S protein-pseudotyped lentiviral particles,
and SARS-CoV-2 cell infection were measured in kidney, lung and intestinal epithelial
cell lines, primary human bronchial epithelial cells, and ACE2-transfected HEK293T

cells treated with OM-85 in vitro.

Results OM-85 significantly downregulated ACE2 and TMPRSS2 transcription and
surface ACE2 protein expression in epithelial cell lines and primary bronchial epithelial
cells. OM-85 also strongly inhibited SARS-CoV-2 S1 protein binding to, SARS-CoV-2 S

protein-pseudotyped lentivirus entry into, and SARS-CoV-2 infection of epithelial cells.
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These effects of OM-85 appeared to depend on SARS-CoV-2 receptor downregulation.

Conclusion OM-85 inhibits SARS-CoV-2 epithelial cell infection in vitro by
downregulating SARS-CoV-2 receptor expression. Further studies are warranted to

assess whether OM-85 may prevent and/or reduce the severity of COVID-19.
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KEY MESSAGES

o The OM-85 bacterial lysate downregulates the SARS-CoV-2 receptor ACE2 and
TMPRSS?2 in epithelial cells and strongly inhibits SARS-CoV-2 S-1 protein binding to,
SARS-CoV-2 S protein-pseudotyped lentivirus entry into, and SARS-CoV-2 infection of

these cells.

o The ability of OM-85 to inhibit SARS-CoV-2 infection of epithelial cells in vitro and

its excellent safety profile warrant further studies of its effects against COVID-19.

CAPSULE SUMMARY

The OM-85 bacterial lysate inhibits multiple steps in SARS-CoV-2 epithelial cell
infection in vitro. These properties, and the excellent safety profile of OM-85, warrant

further studies of its effects against COVID-19.

KEY WORDS

COVID-19

SARS-CoV-2

Bacterial lysate
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TMPRSS2

ABBREVIATIONS
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angiotensin-converting enzyme 2

coronavirus disease of 2019
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non-human primate
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Introduction

The emergence of severe acute respiratory syndrome coronavirus-2 (SARS-CoV-2) in
December 2019 triggered a global pandemic marked by a broad spectrum of clinical
manifestations. These range from a mild, self-limiting flu-like respiratory illness to life-
threatening multi-organ failure and are collectively referred to as coronavirus disease of
2019 (COVID-19)* 2. Angiotensin-converting enzyme 2 (ACE2) on host cells serves as
the main receptor for SARS-CoV-2 spike (S) protein attachment®®, while the
endogenous transmembrane protease serine 2 (TMPRSS2) cleaves the S protein, thus
allowing fusion of viral and cellular membranes3. These events promote efficient viral
entry and productive infection of target cells. ACE2 and TMPRSS2 are expressed in
several tissues and in multiple airway epithelial cell types, particularly nasal® and
alveolar type Il cells, goblet cells and ciliated cells’. While the receptor expression
pattern and aerosol mode of transmission® of SARS-CoV-2 render the airways a primary
viral target, kidney and intestinal epithelial cells also express ACE2 and TMPRSS2 and

can become infected in patients® 1°.

Despite rapid progress in our understanding of COVID-19 pathogenesis, treatment
options for this disease remain limited. Although several vaccines are being deployed,
inoculating the world population will require much time, and the emergence of viral
mutants with decreased sensitivity to vaccines remains a distinct possibility''. Novel,
safe and accessible strategies to reduce the frequency and/or severity of SARS-CoV-2
infection are therefore highly desirable. Oral administration of OM-85 (Broncho-

Vaxom™), a standardized lysate of 21 bacterial strains often found in the human
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airways??, is widely used empirically in Europe, South America and Asia for the
prophylaxis of upper airway recurrent infections in adults?? and children?3, with an
excellent safety profile'*. An NIH-sponsored trial (NCT02148796) is currently ongoing in
the United States, where OM-85 is not yet approved. The trial is testing whether oral
administration of the lysate prevents wheezing lower respiratory illnesses or asthma-like
symptoms in young high-risk children. The mechanisms underlying OM-85-mediated
protection from respiratory infections are complex!® ¢ and remain incompletely
understood. We recently found that OM-85 boosts human airway epithelial cell barrier
function in vitro and regulates multiple airway barrier-related transcriptional networks in
the lung following intranasal (i.n.) administration to mice!’. These findings prompted us
to investigate whether OM-85 also affects the expression of genes involved in SARS-

CoV-2 infection of epithelial cells.
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Methods

Cell lines and primary airway epithelial cells The Vero E6 African green monkey
(Chlorocebus sabaeus) kidney-derived cell line was kindly provided by Dr. M. Kraft
(University of Arizona). Calu-3 human lung cells and HEK293T/17 cells (HTB55™ and
CRL-11268™, respectively) were purchased from ATCC (Manassas, VA). Caco-2
human colon cells were a kind gift from Dr. J. Wilson (University of Arizona). HEK293T
cells stably expressing human ACE2 were purchased from GeneCopoeia (Rockuville,
MD). All cell lines were propagated in Dulbecco’s modified Eagle medium (DMEM)
(Gibco, Thermo Fisher Scientific, Waltham, MA) supplemented with FBS (10%, Sigma,
St. Louis, MO), GlutaMax (2 mM), penicillin (50 units/ml) and streptomycin (50 ug/ml, all
from Gibco). Vero cells for SARS-CoV-2 infection experiments were obtained from

ATCC (CCL-81).

To obtain human primary airway cells, participants were recruited from the population in
Tucson, Arizona and the surrounding areas. Before undergoing any procedure,
informed consent according to an Institutional Review Board-approved protocol was
obtained from each participant. Healthy participants had no evidence of airway
obstruction and no history of pulmonary disease; atopy (as determined by clinical
history, allergen skin testing and blood eosinophil levels) was not an exclusion criterion.
Participants underwent bronchoscopy with endobronchial-protected brushing, as
previously described!®. To obtain bronchial epithelial cells, brushing of the proximal
airways was performed using a separate protected cytologic brush for each pass, for a
total of ten passes. Participants were discharged after their forced expiratory volume in

1 second reached 90% of their pre-bronchoscopy, post-albuterol value.
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Freshly isolated airway bronchial epithelial cells from endobronchial brushing were
cultured with PneumaCult™-EX Plus Medium (StemCell Technologies, Vancouver,
British Columbia, Canada). Once confluent, cells were trypsinized and seeded onto
collagen-coated polyester 12-mm-diameter Transwell™ insert membranes (Corning,
Waltham, MA) at 4x10* cells/well. To allow for differentiation, cells were cultured at air—
liquid interface for 2 weeks with PneumaCult™ -Air-Liquid Interface Medium (StemCell

Technologies).

Plasmids The lentiviral packaging plasmid, psPAX2, and the VSV-G envelope
expressing plasmid, pMD2.G, (Addgene plasmid # 12260; http://n2t.net/addgene:1226;
RRID:Addgene 12260, and Addgene plasmid # 12259; http://n2t.net/addgene:12259;
RRID:Addgene_12259) were gifts from Didier Trono (Ecole Polytechnique Fédérale de
Lausanne, Switzerland). The lentiviral reporter plasmid pCIB-GFP expressing GFP was
kindly provided by Dr. Michael Johnson (University of Arizona). The SARS-CoV-2 Spike
protein expressing plasmid HDM-SARS2-Spike-delta21 (Addgene plasmid # 155130;
http://n2t.net/addgene:155130; RRID:Addgene_155130)*° was a gift from Jesse Bloom

(University of Washington, Seattle, WA).

Functional S1 protein binding assay Cells were grown in 6- or 12-well plates until
confluent and treated with OM-85 (0.12, 0.24, 0.48, 0.96, or 1.92 mg/ml) or PBS. After
72 hours, cells were harvested, washed and resuspended in FACSWash buffer (PBS
with 1% BSA and 0.1% NaNs3) at 0.5-1x107 cells/ml. To block nonspecific staining, cells
were incubated on ice for 10 min in the same buffer containing normal rat serum (2%)

followed by a 30 min incubation with recombinant His-tagged S1 protein (5.625 ug/ml:
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Sino Biological US, Wayne, PA). After an additional 30 min incubation with an anti-His
tag-PE antibody (Cat# 362603, Biolegend, San Diego, CA), cells were washed with
FACSWash buffer and analyzed by flow cytometry. At least 20,000 events were
acquired on an LSR Il or a FACSCalibur flow cytometer (BD Biosciences) and analyzed
with FlowJo software (Version 10.6.0, Becton Dickinson, 2019). S1 binding was
expressed as the percentage of S1-binding cells in each sample relative to the average

of PBS-treated samples.

Production of pseudotyped lentiviral particles HEK 293T/17 cells were transfected
overnight in 100 mm dishes with packaging plasmid psPAX2 (15 nug) plus envelope
plasmids (either HDM-SARS2-Spike-delta21 or pMD2.G: 15 ug) and HIV reporter
plasmid expressing GFP (pCIB-GFP: 15 ug) using Lipofectamine 3000 (ThermoFisher
Scientific) according to the manufacturer’s instructions. The next day, the transfection
medium was replaced with fresh complete DMEM. Virus-containing supernatants were
collected 48 hours later and kept frozen at -80°C. The concentration of viral particles
was estimated using an HIV p24 ELISA (Abcam, Cambridge, MA). The functional titer of
VSV-G-pseudotyped lentivirus (positive control), i.e., the number of virions capable of
productively integrating into cells per ml of viral preparation, was determined by flow
cytometry quantification of GFP* Vero E6 cells as described?® 2! and was estimated to
be 2.34x10° transducing units (TU)/ml. The titer of SARS-CoV-2-S protein-pseudotyped
virus was estimated to be 1x10% TU/ml through side-by-side comparison with serial

dilutions of VSV-G-pseudotyped lentivirus in Vero E6 cells.

Cell transduction with pseudotyped viral particles Cells were cultured in 24- or 96-
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well plates until confluent and then treated with OM-85 (0.48 mg/ml). After 48 hours, the
OM-85-containing medium was replaced with medium that was supplemented with
polybrene (6 ng/ml) and contained either SARS-CoV-2 S protein- (2x102 TU) or VSV-G
protein- (2.34x10* TU) pseudotyped lentivirus. Plates were centrifuged at 2,000xg for 1
hour at room temperature and cultured overnight at 37°C in a 5% CO2 atmosphere. The
GFP fluorescence generated upon transcription and translation of the reporter gene by
transduced cells was assessed 72 hours post-transduction using an Axio Vert
microscope (Carl Zeiss Microscopy, White Plains, NY) under 10x magnification. At
least 20 (SARS-CoV-2-pseudotyped virus) or 10 (VSV-G-pseudotyped virus)
frames/well were recorded using an Axiocam 305 camera (Carl Zeiss Microscopy) and
guantified by counting fluorescent pixels with the Slide Analyzer software

(https://github.com/dpivniouk/slide analyzer).

SARS-CoV-2 infection SARS-CoV-2, isolate USA-WA1/2020, was deposited by Dr.
Natalie J. Thornburg at the Centers for Disease Control and Prevention and obtained
from the World Reference Center for Emerging Viruses and Arboviruses

(WRCEVA). Stocks of SARS-CoV-2 were generated as a single passage from received

stock vial on mycoplasma-negative Vero cells (ATCC CCL-81).

For the virus inhibition assay, preliminary flow cytometry experiments established that
OM-85 stimulation decreased S1 protein binding to Vero cells (ATCC CCL-81) to levels
comparable to those seen in Vero E6 cells (not shown). Vero cells (1x10° per 96-well,
flat bottom plate) were pretreated with PBS or increasing OM-85 concentrations (0.24-

1.92 mg/ml) for a total of 72 or 96 hours. Twenty-four hours prior to adding SARS-CoV-
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2, cells were dissociated with 0.25% trypsin, washed once with media in the original
plate, and re-plated from one to three 96-well plates; OM-85 was replenished at the
original concentrations. At the 72- or 96-hour treatment time point, SARS-CoV-2 (15
plaque forming units, pfu/well) was added in the presence or absence of OM-85. The
virus was incubated for 2 hours to allow infection of the monolayer and then dumped
off. Cells were then overlayed with 1% methylcellulose in 5% DMEM without OM-

85. Four days later, plates were fixed in 10% Neutral Buffered Formalin for 30 minutes
and stained with 1% crystal violet. Plaques were imaged using an ImmunoSpot Versa
plate reader (Cellular Technology Limited, Cleveland, OH) and counted. Results were
expressed as average numbers of pfus/well detected in quadruplicate wells for each

condition.

Calu-3 cells were plated at 0.5x10° per 96-well plate for 24 hours and then treated with
PBS or OM-85 (0.24-1.92 mg/ml). After 72 hours, the medium was removed and SARS-
CoV-2 (WA/2020, ~100 pfu) was added to all wells. After 2 hours, the virus was
removed and replaced with fresh medium containing the original OM-85 concentrations;
cells were then cultured for 48 additional hours. Plates were then frozen at -80°C to
release virus and centrifuged to pellet debris. To determine viral titers in Calu-3 cultures,
virus-containing supernatants from each row of a Calu-3 plate were titrated by 10-fold
serial dilutions on 96-well indicator Vero plates and incubated for 2 hours. Indicator Vero
plates were then overlayed with 1% methylcellulose in fresh medium and incubated for
4 days to allow plaques to develop. Plates were fixed and stained as above, and
plaques were counted. The number of pfus/well of Calu-3 plates was calculated by

dividing the number of plaques on indicator Vero plates by the dilution factor. Results
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were expressed as average numbers of pfus/well detected in 8 replicates from the

original Calu-3 plate.

OM-85 preparations and all other experimental procedures and statistical methods are

detailed in the Online Repository.
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252 Results

253 OM-85 inhibits Ace2 and Tmprss2 transcription in the mouse lung through the
254  Myd88/Trif pathway Our recent studies assessing how OM-85 administration to the
255 airway compartment affects immune responses in the mouse lung'’ provided the first
256 clue that OM-85 might affect SARS-CoV-2/host interactions. RNA-seq profiling of the
257  lung transcriptome in Balb/c mice treated i.n. with OM-85 according to an optimized
258  protocol (1 mg/treatment x 14 treatments over 32 days, with terminal assessments at
259 day 39: Fig.1A) identified multiple genetic networks regulated by the lysate. Especially
260 notable was the upregulation of signature genes related to tight junctions and epithelial
261 barrier function!’. Interestingly, a preliminary analysis focused on the expression of the
262 SARS-CoV-2 receptors Ace2 and Tmprss2 revealed a nominally significant (p=0.02)
263  inhibition of Ace2 expression in OM-85-treated mice compared to PBS-treated controls.
264  Tmprss2 expression was also decreased, albeit not significantly (Fig. 1B). RT-gPCR
265  with Ace2- and Tmprss2-specific primers was then used to measure lung expression of
266 these genes and compare their mRNA levels at day 34 and 39 of our protocol (i.e., 2
267 and 7 days after the last OM-85 treatment: Fig. 1A). We chose the 7-day time point
268  because it was optimal for inhibition of experimental allergic asthma and was used to
269 generate the RNA-seq data presented herel’. On the other hand, the 2-day time point
270 allowed us to explore shorter-term effects. Relative to PBS-treated mice, Tmprss2 was
271  significantly downregulated at both time points (P=0.01 and P=0.003, respectively: Fig.
272  1D), whereas Ace2 was significantly (P=0.01) inhibited only at the earlier time point

273  (Fig. 1C). These experiments showed that delivery of OM-85 to the airways affected the

274  expression of the major SARS-CoV-2 receptor components in the lung, with distinct
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time-dependent effects.

Because OM-85 is a bacterial lysate whose ability to protect from asthma in vivo
depends on Myd88/Trif innate immune signaling'’, we then assessed whether OM-85-
induced inhibition of Ace2 and Tmprss2 transcription in the mouse lung also required
this pathway. These experiments, which were performed in C57BL/6 mice, revealed that
as few as four i.n. treatments with OM-85 (1 mg/treatment: Fig. E1A) were sufficient to
reduce Ace2 and Tmprss2 expression by 59% and 63%, respectively, in lung cells
isolated from wild-type (WT) mice. In contrast, negligible changes in the expression of
these genes were detected in Myd88--Trif- mice (Fig. E1B). These findings indicated
that OM-85-induced downregulation of Ace2 and Tmprss2 transcription in mouse lung

tissue is Myd88/Trif-dependent and strain-independent.

OM-85 inhibits Ace2 and Tmprss2 expression in non-human primate (NHP) and
human epithelial cells in vitro Our initial results illustrated the in vivo effects of OM-
85 in the airways, a main target of SARS-CoV-2. However, further mechanistic
dissections in these models were problematic because lung Ace2 and Tmprss2
expression likely derived from multiple cell types’: 2. Moreover, mice are not naturally
susceptible to infection by most SARS-CoV-2 strains?3. Therefore, subsequent
experiments relied on RT-gPCR to assess the effects of OM-85 on ACE2 and
TMPRSS2 expression in NHP Vero E6 as well as human Calu-3 and Caco-2 epithelial
cells. These cells derive from SARS-CoV-2 target organs (kidney, lung and colon,
respectively) of naturally susceptible species?® and thus provide ideal models to
characterize the interactions of epithelial cells with, and their infection by, SARS-CoV-23

4,24-26_. OM-85 (0.48 mg/ml) significantly and strongly inhibited ACE2 expression in
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kidney Vero E6 cells after 24 and 48 hours of stimulation (P=0.00004 and P=0.0006,
respectively: Fig. 2A). TMPRSS2 was also significantly decreased at the same time
points (P=0.0002 and P=0.01, respectively: Fig. 2B). In contrast, ACE2 expression by
lung Calu-3 cells was significantly inhibited only after 72 and 96 hours, and only when
fresh OM-85 was replaced after 48 hours of culture (P=0.009 and P=0.002,
respectively: Fig. 2C). TMPRSS2 expression was inhibited at the 24-hour time point
(P=0.02) as well as at 72 and 96 hours, but only when at 48 hours spent medium was
replaced with fresh medium containing the original concentration of OM-85 (P=0.03 and
P=0.01, respectively: Fig. 2D). Therefore, OM-85 inhibited expression of both ACE2
and TMPRSS2 in Vero E6 and Calu-3 epithelial cells, but overall downregulation
occurred more rapidly in the former than in the latter. A 48-hour stimulation with OM-85
(0.48 mg/ml) also significantly reduced ACE2 and TMPRSS2 mRNA levels in intestinal

Caco-2 cells (P=0.01 and P=0.003, respectively: FIG. E2).

To further explore the significance of our findings, we turned to human primary airway
cells, a pre-eminent natural SARS-CoV-2 target. Bronchial epithelial cells isolated from
a healthy individual were differentiated at the air—liquid interface for 2 weeks. ACE2 and
TMPRSS2 mRNA levels were then measured by RT-gPCR after a 48- or 72-hour
incubation with PBS or OM-85 (1.92 mg/ml). Fig. 3 shows strong, significant inhibition of
ACE2 at 48 and 72 hours (P=0.01 and P=0.005, respectively) and a more modest, but
still significant inhibition of TMPRSS2 at 72 hours (P=0.04). These results from OM-85-
treated human normal primary epithelial cells overall validated those generated in

epithelial cell lines.
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We next assessed whether decreased SARS-CoV-2 receptor transcription was
associated with reduced surface levels of receptor protein. To this end, Vero E6 and
Calu-3 cells were incubated with PBS or OM-85 (0.48 and 1.92 mg/ml) for 72 hours and
examined by flow cytometry with ACE2-specific monoclonal antibodies. OM-85
treatment significantly and dose-dependently decreased both ACE2 mean fluorescence
intensity (MFI) (P=0.002 and P=0.0002, respectively) and the percentage of ACE2-
positive cells in Vero E6 cells (Fig. 4A-C) and Calu-3 cells (P=0.005 for ACE2 MFI and
ACE2-positive cell percentages at 1.92 mg/ml: Fig. 4D-F). In combination, these results
demonstrate that in vitro stimulation with the OM-85 bacterial lysate dampens SARS-

CoV-2 receptor expression on epithelial cells from distinct organs.

OM-85 reduces S1 protein-mediated attachment to epithelial cells Because ACE2
and TMPRSS2 enable SARS-CoV-2 infection of epithelial cell by mediating S protein
attachment to, and viral entry into these cells, we next investigated whether OM-85-
induced downregulation of ACE2 and TMPRSS2 interferes with these processes. To
assess the effects of OM-85 on SARS-CoV-2 S protein attachment, we developed an
S1 protein binding assay. Cells were incubated with a recombinant His-tagged S1
subunit comprising the SARS-CoV-2 receptor binding domain3, followed by a
phycoerythrin (PE)-conjugated anti-His antibody. S1 protein binding to cells was
assessed by flow cytometry. We validated the ability of this assay to specifically detect
ACE2-mediated S1 protein cellular binding using HEK293T cells, untransfected or
stably transfected with human ACE2 (ACE2/HEK293T). S1 binding was detected in only

5% of untransfected HEK293T cells and ACE2/HEK293T cells incubated with anti-His-
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PE antibody without S1 protein, while >99% of PBS-treated ACE2/HEK293T cells

bound S1 protein (Fig. 5A).

Using this S1 protein binding assay, we then found that a substantial proportion of Vero
E6 (22 £ 0.5%) and Calu-3 (24 + 1%) epithelial cells bound SARS-CoV-2 S1 protein
(Fig. 5B). Preliminary dose-response curves with a broad range of OM-85
concentrations (0.12 to 1.92 mg/ml) showed dose-dependent inhibition of S1 binding to
Vero EG6 cells, with significant effects (P=7.00E-07) even at the lowest concentration
(0.12 mg/ml) and robust inhibition at concentrations = 0.48 mg/ml (Fig. E3). A 72-hour
incubation with OM-85 (0.48 or 1.92 mg/ml) dose-dependently reduced S1 binding by
42 + 4% (P=8E-05) and 53 + 1.3% (P=1E-10) for Vero E6 cells, and 29 + 5.6%

(P=0.009) and 71 + 2.3% (P=6E-05) for Calu-3 cells (Fig. 5C).

These results demonstrated that OM-85 efficiently inhibited S1 protein attachment to
epithelial cells derived from natural SARS-CoV-2 target organs. Mechanistically, our
findings strongly suggested that this inhibition reflected OM-85-dependent interference
with the physiologic regulation of ACE2 expression. In support of this notion, even a
maximal concentration of OM-85 (1.92 mg/ml) failed to inhibit ACE2 protein expression
on (Table E1), and S1 protein binding to (Fig. 5A, right), ACE2/HEK293T cells in which
human ACEZ2 transcription is driven by a heterologous, OM-85-unresponsive

cytomegalovirus promoter.

OM-85 inhibits the entry of S protein-pseudotyped lentiviral particles into
epithelial cells To investigate whether OM-85-dependent inhibition of SARS-CoV-2

receptor expression in, and SARS-CoV-2 S1 protein attachment to, epithelial cells also
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reduces S protein-mediated SARS-CoV-2 entry into these cells, we directly measured
the entry of replication-deficient, SARS-CoV-2 S protein-pseudotyped lentiviral particles
into epithelial cells pre-incubated with OM-85 or PBS. Our lentiviral particles carried a
GFP reporter gene that is transcribed and translated by transduced cells, and were
pseudotyped with SARS-CoV-2 S protein or the G glycoprotein of the pantropic
vesicular stomatitis virus (VSV: positive transduction control)3. As expected, VSV-G-
pseudotyped particles efficiently transduced Vero E6 cells, with functional titers
reaching 2.3x108 transducing units (TU)/ml (Fig. 6A, top right). Vero E6 transduction
by SARS-CoV-2-pseudotyped particles was less efficient but still robust and consistent

(Fig. 6A, top left), with titers reaching 1x10* TU/ml.

OM-85 pre-treatment (0.48 mg/ml) strongly (P=2.5E-05) inhibited SARS-CoV-2 S
protein-mediated Vero E6 cell transduction (Fig. 6A, left, and Fig. 6B). This effect was
specific because transduction by VSV-G-pseudotyped particles remained unaffected
(Fig. 6A, right, and Fig. 6C). The effects of OM-85 on viral entry into Calu-3 cells could
not be reliably estimated because these cells were poorly transduced under our
experimental conditions. Indeed, both percentages of GFP* cells and GFP MFI in these
cells were consistently low following transduction with either SARS-CoV-2 S protein- or
VSV-G (positive control) pseudotyped particles (not shown). Notably, ACE2/HEK293T
cells were readily transduced by both SARS-CoV-2 S- and VSV-G-pseudotyped viral
particles, but OM-85 failed to inhibit viral entry into these cells (Fig. 6D-E). Because
ACE2/HEK293T cells do not downregulate ACE2 upon OM-85 stimulation (Table E1),
these findings were consistent with the notion that OM-85-induced suppression of

events leading to SARS-CoV-2 infection involves a reduction of ACE2 expression.
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OM-85 inhibits SARS-CoV-2 infection of epithelial cells from distinct tissues The
data discussed above had shown that OM-85 effectively inhibits both SARS-CoV-2 S
protein attachment and S protein-mediated pseudotyped virus entry into epithelial cells.
Therefore, the last set of experiments assessed whether OM-85 treatment also
suppressed epithelial cell infection with live SARS-CoV-2. To this end, kidney-derived
Vero cells were pretreated with PBS or OM-85 (0.24 to 1.92 mg/ml) for 72 or 96 hours
and then incubated for 2 hours with SARS-CoV-2 (isolate USA-WA1/2020). Numbers of
pfus/well were counted four days later (Fig. 7A). SARS-CoV-2 infection was strongly
and significantly inhibited in cultures pre-treated with OM-85 for 72 hours (Fig. 7C) or 96
hours (Fig. E4) but not in PBS-pre-treated cultures. Inhibition was evident even at the
lowest OM-85 concentration and reflected effects of OM-85 pretreatment on epithelial
cells rather than SARS-CoV-2 itself because infection was comparably reduced in
cultures that did or did not receive OM-85 during the 2-hour infection period (not
shown). SARS-CoV-2 infection of lung-derived Calu-3 cells was also significantly
inhibited by a 72-hour pretreatment with OM-85, especially at the highest concentrations
of bacterial lysate (Fig. 7B and D). These results clearly demonstrate that OM-85

inhibits in vitro SARS-CoV-2 infection of epithelial cells sourced from distinct tissues.
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Discussion

Bacterial lysates are receiving increasing attention for their ability to act as potent
response modulators in immune disorders?” 28, Our results demonstrate that OM-85, a
standardized lysate of human airway-derived bacterial strains, efficiently inhibits live
SARS-CoV-2 infection of epithelial cells derived from distinct tissues. OM-85 interfered
with multiple steps in the chain of events leading to SARS-CoV-2 epithelial cell infection:
it suppressed SARS-CoV-2 receptor (ACE2 and TMPRSS2) expression, SARS-CoV-2
S1 protein-mediated cell attachment, and SARS-CoV-2 S protein-mediated cell entry.
Remarkably, OM-85-dependent inhibition only occurred when the lysate downregulated
ACE2, which initiates SARS-CoV-2 infection by mediating SARS-CoV-2 S protein
attachment to target cells. In combination, these data strongly suggest that decreased
transcription of SARS-CoV-2 receptor components, primarily ACE2, is an essential
mechanism for the inhibition of SARS-CoV-2 epithelial cell infection by OM-85. Further
studies are needed to identify the molecular pathways underlying ACE2 downregulation
by OM-85. However, OM-85-dependent inhibition of SARS-CoV-2 infection in vitro in

isolated epithelial cells points to epithelial-intrinsic effects of the lysate.

Our findings have translational implications because the COVID-19 pandemic is not

abating and the therapeutic arsenal against COVID-19 is expanding but remains limited.
In addition to corticosteroids?® 3, biologics that interfere with selected pro-inflammatory
pathways (e.g., IL-6, IL-1, Janus kinase inhibitors)3!-32 and anti-SARS-CoV-2 antibodies
aimed at disrupting progression of COVID-19 infection3* 35, current COVID-19 vaccines

seek to induce humoral and cellular immune responses against the SARS-CoV-2 S
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protein so as to neutralize its ability to latch onto cellular receptors and mediate
infection3% 37, Despite their remarkable overall efficacy, though, vaccines remain
cumbersome to distribute and administer. Moreover, viral variants of concern may
emerge that resist or even escape the immunity generated by the current vaccines! 37,
Antivirals that could be used against SARS-CoV-2 and future emerging viruses are
therefore under intense investigation. Remdesivir, an RNA-dependent RNA polymerase
inhibitor, was initially reported to shorten COVID-19 hospitalization times®8 but failed in a
large clinical trial examining hospitalized patients3°. Other interesting drugs with
potential anti—-SARS-CoV-2 properties have been identified through drug-repurposing
screens*®-43, an approach that is becoming increasingly attractive because it involves
the use of de-risked compounds, potentially lower development costs, and shorter

development timelines*4.

In this context, our current results indicate that OM-85 also deserves active
consideration. Indeed, the capacity of OM-85 to suppress multiple steps of SARS-CoV-
2 cell infection by downregulating the receptor machinery in the epithelium, a primary
viral target, may be leveraged to prevent infection and/or decrease its severity by
limiting the infection/re-infection cycle. Further studies are needed to better understand
the impact of OM-85 on ACE2- and TMPRSS2-expressing primary cells from distinct
portions of the airways and from other SARS-CoV-2 target organs. The administration
route resulting in optimal inhibition of SARS-CoV-2 infection in vivo also remains to be
established. However, it is noteworthy that OM-85-induced SARS-CoV-2 receptor
downregulation would be expected to protect against multiple SARS-CoV-2 variants and

even against other coronaviruses that rely on ACE2 for host cell infection. The
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impeccable safety profile of OM-85 demonstrated by decades of clinical use as an
immunomodulator'4 45, the lack of reported side effects on ACE2 physiologic
functions!4, and the ease of administration of this agent suggest that this standardized

bacterial extract may eventually complement the current COVID-19 therapeutic toolkit.
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LEGENDS

Figure 1. OM-85 inhibits Ace2 and Tmprss2 transcription in the mouse lung. (A)
Balb/c mice were treated i.n. with OM-85 (1 mg in 50 ul) 14 times as indicated in the
chart (T1-T14). The last OM-85 treatment was administered at day 32. Lungs for
transcriptional analyses were collected 2 (day 34) or 7 (day 39) days later. (B) Ace2 and
Tmprss2 mRNA levels in the lungs of mice treated i.n. with OM-85 (1 mg/treatment x 14
treatments) or PBS (n=6/group) over 32 days and sacrificed at day 39. Data were
extracted from DESeq2-normalized RNA-Seq counts after adjusting for latent factors. P-
values were calculated from differential expression analysis (DESeq2 Wald test). (C-D)
Ace2 and Tmprss2 expression in the lungs of Balb/c mice treated i.n. with OM-85 or
PBS as in panel A was measured by RT-qPCR at day 34 or 39 (i.e., 2 or 7 days after
the last OM-85 treatment, respectively; n=9-10 mice/group at day 2, and n=7-8
mice/group at day 7). mRNA levels normalized by Gapdh are shown relative to PBS. A
Wilcoxon two-sample test was used for statistical analysis after testing for normality of

sample distribution.

Figure 2. OM-85 inhibits ACE2 and TMPRSS2 transcription in NHP and human
epithelial cell lines from kidney and lung. ACE2 (A,C) and TMPRSS2 (B,D) mRNA
levels were measured by RT-gPCR in Vero E6 (A,B) and Calu-3 (C,D) epithelial cells
treated with OM-85 (0.48 mg/ml) or PBS for 24-96 hr. mRNA levels at each time point
were normalized by GAPDH and are shown relative to PBS. Data are from two pooled
experiments (A,C) and one representative experiment out of two (B,D) (n=3-4

wells/condition, each run in triplicate). An unpaired, two-tailed t test (A,B,C) or a
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Wilcoxon two-sample test (D) were used for statistical analysis after testing for normality

of sample distribution.

Figure 3. OM-5 inhibits ACE2 and TMPRSS2 transcription in primary normal
human bronchial epithelial cells. Bronchial epithelial cells freshly isolated from a
healthy donor were cultured to confluence and differentiated onto collagen-coated
polyester 12-mm Transwell™ insert membranes for 2 weeks at air-liquid interface. Cells
were then stimulated apically with PBS or OM-85 (1.92 mg/ml) for 48 or 72 hours. ACE2
and TMPRSS2 expression was determined by RT-qgPCR (n=3 wells/condition, each run
in triplicate). mMRNA levels at each time point were normalized by GAPDH and are
shown relative to PBS. An unpaired, two-tailed t test was used for statistical analysis

after assessing the normality of sample distribution.

Figure 4. OM-5 downregulates surface ACE2 protein expression in epithelial cells.
Vero E6 (A-C) and Calu-3 (D-F) cells were treated with OM-85 (0.48 or 1.92 mg/ml) for
72 hours and assessed for ACE2 protein expression by flow cytometry with ACE2-
specific monoclonal antibodies and relevant isotype controls. A, D: representative ACE2
flow cytometry plots (shaded area: isotype control; thin line: PBS-treated cells; thick line:
cells treated with OM-85, 1.92 mg/ml); B, E: ACE2 MFI and percentages of ACE2* cells
in PBS- and OM-85-treated cells (C and F). Data are from one experiment with four
samples/condition. An unpaired, two-tailed t test was used for statistical analysis after

testing for normality of sample distribution.

Figure 5. OM-85 reduces S1 protein-mediated attachment to epithelial cells.

Representative flow cytometry plots showing SARS-CoV-2 S1 protein binding to
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parental HEK293T cells and HEK293T cells stably transfected with human ACE2
(ACE2/HEK?293T) (A), Vero E6 and Calu-3 (B) epithelial cells. Cells were treated with
PBS or OM-85 (1.92 mg/ml) for 72 hours and then incubated with or without
recombinant His-tagged S1 protein, followed by an anti-His-PE antibody. S1 binding
was assessed by flow cytometry. (C) Effects of OM-85 on S1 protein binding to Vero E6
or Calu-3 cells. Data are shown as percentages of S1 protein-binding cells in OM-85-
treated versus PBS-treated cultures [n=5-6 wells/group from three (Vero E6 cells) or two
(Calu-3 cells) independent experiments]. An unpaired, two-tailed t test was used for

statistical analysis after testing for normality of sample distribution.

Figure 6. OM-85 inhibits entry of S protein-pseudotyped lentiviral particles into
Vero E6 cells. A. Vero EG6 cells were treated with OM-85 (0.48 mg/ml) or PBS for 48
hours, washed and transduced with lentiviral particles that were pseudotyped with
SARS-CoV-2 S protein (0.2x10* TU) or VSV-G protein (2x10* TU) and carried a GFP
reporter. Shown are frames representative of GFP immunofluorescence under various
experimental conditions. (B-E) GFP fluorescence was assessed under a microscope
(10X magnification) 72 hours post transduction and quantified using the Slide Analyzer
software in Vero E6 (B,C) and ACE2/HEK293T (D,E) cells transduced with either
SARS-CoV-2-S-pseudotyped virus (B,D) or VSV-G-pseudotyped virus (C,E). Results
represent the average + SEM of 20 (SARS-CoV-2-S-pseudotyped virus) or 10 (VSV-G-
pseudotyped virus) random frames from one representative experiment out of two
independent experiments. A Wilcoxon two-sample test was used for statistical analysis

after assessing the normality of sample distribution.
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Figure 7. OM-5 inhibits epithelial cell infection by SARS-CoV-2. A: Vero cells were
pretreated with PBS or OM-85 (0.24 to 1.92 mg/ml) for a total of 72 hours and then
infected with SARS-CoV-2 (isolate USA-WA1/2020, 15 pfu/well) for 2 hours. Plagues
were counted as described in Methods. B: Calu-3 cells treated with PBS or OM-85
(0.24-1.92 mg/ml) for 72 hours were infected with SARS-CoV-2 (WA/2020, ~100 pfus)
for 2 hours. Cells were then cultured for 48 hours in medium containing the original OM-
85 concentrations. Viral titers were determined by dispensing 10-fold serial dilutions of
Calu-3 culture supernatants on 96-well indicator Vero plates. Plaques were counted as
described in Methods. The number of pfus/well of Calu-3 plates was calculated by
dividing the number of plagues on indicator Vero plates by the dilution factor. Shown are
average numbers + SEM of pfus detected in four (C) or eight (D) SARS-CoV-2-infected
replicate wells pretreated with PBS or increasing OM-85 concentrations. Data were
pooled from two independent experiments (A, C) and one representative experiment (B,
D). A two-tailed t test was used for statistical analysis after assessing the normality of

sample distribution.
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Table E.1: Effect of OM-85 on human ACE2 expression by ACE2/HEK293T cells. Cells were
treated with PBS or OM-85 (1.92 mg/ml) for 72 hours, and human ACE2 expression was
evaluated by flow cytometry with an AF647-conjugated anti-human ACE2 antibody or isotype
control. Data are shown as mean percentages + SE of ACE2-positive cells in PBS- or OM-85-

treated cultures (n=3/condition). Negligible proportions of positive cells were detected in the
isotype control samples.
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ONLINE SUPPLEMENTAL MATERIAL

Mice OM-85 (1 mg in 50 pl, 25 ul/nostril) was instilled i.n. every 2-3 days (14 times
total) beginning at day O (Fig. 1A) into adult (6—7-week-old) male Balb/c mice (Charles
Rivers Laboratories, Wilmington, MA) maintained on a standard hypoallergenic diet
under specific pathogen-free conditions. In selected experiments, OM-85 (1 mg in 50 pl)
was instilled i.n. four times into 8-week-old WT C57BL/6 mice (Charles Rivers
Laboratories) or Myd88--Trif- C57BL/6 mice (kindly provided by Dominik Schenten,
University of Arizona). Lungs were collected and preserved in RNAlater (Qiagen,
Germantown, MD). All animal procedures conform to the principles set forth by the
Animal Welfare Act and the National Institutes of Health guidelines for the care and use
of laboratory animals in biomedical research and were approved by the University of

Arizona Institutional Animal Care and Use Committee.

OM-85 OM-85 concentrate was provided by OM Pharma and is the soluble
supernatant obtained after bacterial lysis. It represents the drug substance prior to its
lyophilization and final manufacturing as Broncho-Vaxom™., OM-85 lots # 1618006
(22.9 mg/ml of dry residue) and 1620074 (23.1 mg/ml of dry residue) were used in these

experiments.

RNA-sequencing from mouse lung tissue Balb/c mice were treated with OM-85 or
PBS as depicted in Fig. 1A. Unfractionated lung tissue was collected at day 39 and
processed for RNA-sequencing. Raw and normalized data for the complete dataset
were deposited in the GEO database (GSE167867), where detailed information on data

processing and normalization can be found. Briefly, RNA-seq reads (>25 bp after
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trimming adapter sequences) were mapped to the BALB/cJ genome (version mm10)
using STAR?, and genomic coordinates were shifted to the standard mm10 genome

using MARGE (http://cistrome.org/MARGE/index. html). Uniquely aligning reads were

used to generate gene counts relying on HOMER

(http://homer.ucsd.edu/homer/index.html). Latent factors potentially introducing

unwanted variation were removed using RUVSeq?. Data for Ace2 and Tmprss2
expression in OM-85- and PBS-treated mice were extracted from DESeg2-normalized
counts®, and P-values from differential expression analysis (DESeq2) were reported. P-

values < 0.05 were considered significant.

RNA extraction, cDNA synthesis and RT-gPCR RNA from cell lines or mouse lung
tissue was extracted with the RNeasy kit (Qiagen, Germantown, MD). After extraction,
total RNA (500 ng) was used as a template to synthesize cDNA with the QuantiTect
Reverse Transcription Kit (Qiagen). RT-gPCR was carried out using the QuantiTect
SYBR Green PCR kit (Qiagen) on an ABI 7900 Applied Biosystems thermocycler
(ThermoFisher Scientific). All genes except African green monkey (Chlorocebus
sabaeus) TMPRSS2 were amplified using commercially available primers (QuantiTect
Primer Assays, Qiagen). For green monkey TMPRSSZ2, the following primers were
used: TGCATCAGCTCCTCTAACTG (forward) and GAGATGAGTACACCTGAAGG
(reverse). Each sample was run in triplicate. The change in gene expression relative to
PBS was normalized to glyceraldehyde 3-phosphate dehydrogenase (Gapdh) and

calculated using the 2-22¢t method*.

Flow cytometry evaluation of ACE2 expression Vero E6 and Calu-3 cells were

grown in 12-well plates until confluent and treated with OM-85 (0.48 or 1.92 mg/ml) or
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PBS. After 72 hours, cells were harvested, and a single cell suspension was prepared in
FACSWash buffer (PBS with 1% BSA and 0.1% NaNs) at 0.5-1x107 cells/ml. To block
nonspecific staining, cells were incubated on ice for 10 min in the same buffer
containing normal mouse serum (5%) followed by a 30 min incubation with either mouse
anti-human ACE2-PE (Sino Biological, clone 36 ¢, for Vero E6 cells), or mouse anti-
human ACE2-AF647 (R&D Systems, Minneapolis, MN: clone 535919711, for Calu-3
cells). We further validated the ACE2-specificity of these monoclonal antibodies by
showing that they detected >99% of ACE2-transfected HEK293T cells, but <1% of
parental, untransfected HEK293T cells. 20,000-30,000 events were acquired on a
FACSCalibur flow cytometer (BD Biosciences) and analyzed using FlowJo software

(Version 10.6.0, Becton Dickinson, 2019).

Statistical analyses Statistical differences between treatment groups were assessed
by an unpaired, two-tailed t test or a Wilcoxon two-sample test after assessing the
normality of sample distribution using the Shapiro-Wilk test. P values <0.05 were
considered statistically significant. Analyses were conducted in Stata (version 14.2), R

(version 3.5.0), GraphPad Prism (version 9.1.1) and Microsoft Excel.
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Supplemental figure legends

Figure E1. OM-85-induced downregulation of Ace2 and Tmprss2 in the mouse
lung is Myd88/Trif-dependent. (A) WT and Myd88--Trif”- C57BL/6 mice were treated
i.n. with OM-85 (1 mg in 50 pl) or PBS every 2 days for four times as indicated in the
chart (T1-T4). Lung cells for transcriptional analyses were collected at day 7. (B) Ace2
and Tmprss2 mRNA levels in the lungs of WT and Myd88-Trif- C57BL/6 mice treated
i.n. with OM-85 or PBS were measured by RT-gPCR and normalized by Gapdh (n=2

mice each/PBS group, and n=3 mice each/OM-85 group).

Figure E2. OM-85 inhibits ACE2 and TMPRSS2 transcription in human colon
Caco-2 cells. ACE2 and TMPRSS2 expression was measured by RT-qPCR in cells
treated with OM-85 (0.48 mg/ml) or PBS for 48 hrs. mRNA levels were normalized by
GAPDH and are shown relative to PBS. Data are from one representative experiment
(n=3-4 wells/condition, each run in triplicate) out of two. An unpaired, two-tailed t test

was used for statistical analysis after testing for normality of sample distribution.

Figure E3. OM-85 dose-dependently inhibits S1 protein binding to Vero E6 cells.
Cells were treated with PBS or increasing OM-85 concentrations for 72 hours and then
incubated with or without recombinant His-tagged S1 protein, followed by an anti-His-
PE antibody. S1 binding was assessed by flow cytometry. Data are shown as
percentages of S1 protein-binding cells in OM-85-treated versus PBS-treated cultures
(n=5-6 wells/group). An unpaired, two-tailed t test was used for statistical analysis after

testing for normality of sample distribution.

Figure E4. A 96-hour pre-treatment with OM-85 inhibits Vero cell infection by
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SARS-CoV-2. Vero cells were pretreated with PBS or OM-85 (0.24 to 1.92 mg/ml) for
96 hours and then infected with SARS-CoV-2 (isolate USA-WA1/2020, 15 pfu/well) for 2
hours. Plaques were counted as described in Methods. Shown are average numbers *
SEM of pfu detected in eight SARS-CoV-2-infected replicate wells pretreated with PBS
or increasing OM-85 concentrations. Data were pooled from two independent
experiments. A two-tailed t test was used for statistical analysis after assessing the

normality of sample distribution.



